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Phonons and Charge-’lkansfer Excitations in HTS Superconductors

.4. R Bishop

Theoretical Division
Los .Almno~ Sacional Laboratory
Los .\kUTIOS, s\[ 87345 USA

Abstract. Some of the experimental and theoretical evidence implicating phonons and
chsuge-transfer excitations in H TS superconductors is reviewed. It is suggested that su-
perconductivity may be driven by a synergistic interplay of (enharmonic) phonons and
electronic degrees of freedom (e.g. charge fluctuations, exc:tons).

I. Introduction +

The wealth of experimental and theoretical studies of the new oxide superconductors begins
to suggest more focused directions regarding mechanisms. While contributions from exotic
and spin-based pairing mechanisms remain active possibilities, we believe that charge-
transfer (CT) (excitonic ) mechanisms synergistically assisted by elect ron-phonon coupling
(and possibly accompanied by spin fluctuations) are indicated by a number of results
and by the materials themselves. The high polarizability of 02- and the familiar strong
phonon modes and aflinity for structural instabilities which characterize perovskite-like
materials are ideal conditions to synergistically enhance low-lying metal-oxygen chas e

Jtrmsfw channels. This is tme of the simple layered 2-1-4 structures such as Lal - ~SrZCu d
but is further augmented by the “-sandwich” structures characterizing 1-2-3 YB82CUOOY-6,
Bi (4-3-3-4) and T] (2-1-2-2). etc. In these latter cases we have proposed that the dynamic
polarizability of the environment surrounding CUQ planes plays an important role in
enhancin Tc.

%Elsew ere (1I we have desctibed how a large body of experimental information can
be ~at,onalized within such a theoretical scenario. Here we mention a few additional
experimental facts which have become available more recently.

R.unan scattering indicates certain strong phonon modes and the optical conductivity
~2] hm now coavergea on a picture of ●lectrons scattering from “some” high frequency
excitation in a phonon-like regime (500-7001{): the implied high phonon frequent y and
strong interaction ar~ certainly natural if oxygen is centrally involved, consistent with our
discussion in section 2. The mid-IR absorption obsemed in the frequency dependent con-
ductivity for YB~Cq07-4 thin films has now been resolved into a series of absorption,

probably of electronic (e.g. charge transfer (excitonic ) ) origin (31, In an untwinned single
crystal of EuB~Cu~~-4 a strong mid [R feature has been observed [4] to be both narrow,
polarized in t& chain direction, and changing its frequency with &, all consistent ~~] with
our th-ry of 10w-lyi4 cxcitoru in the CU-O chtins (we section 2(i)),

Phonons are ti im Iicated by inclaatic neutron scattering ( qgeating, ●ig.,a-breathing”

r
modes in CuOq plmes 6]), by (small) phonon anomalies which track Te [7[, and by tun-
neling data, puticular y for BiCtirCulOy [8]. Elutie conatmt anomak appesx M
precursors of superconductivity in single crystal 2- 1“4 samples, Stron ehctron.phonon

!coupling is almost certainly the d,iving mechal]i~m in Bag Kl -~Bi03 [9 . strongly nnhar.

1
monic phononm (6 may be suggested by recent neu~on and Raman scattering ●violence
for more phonon ranck than ●xpected ml s!’mmetry grounds, M well M by apparrnt
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doping-dependent isotope effects. In the 1-2-3 and high temperatw Bi ami T] ~dwich
structures, recent copper K-edge .X.AS data suggest [10] that the O(4) “bridging” oxygen
is characterized by a douk [e well anharmonicity which is very sensitive in the wpercon-
ducting transition region. This is highly suggestive of a synergistic coupling between the
axiai phonon ,iynamics and electronic degrees of freedom involved in the sup~conductiv-
ity. Such a picture is further supported by the anomalous oscillator strengths d axial O(4)
phonons modes in both IR [7] and Raman [11]. In section 2( ii) we intwpmt this enhance
met-it in terms of a coupling between phonons and CT electronic modes -- which we have
elsewhere (see sect ion ?( i )) also suggested as driving the superconductivity. The scenario
of strongly nonlinear (e. g., Jahn-Telier-. buckling-, tilting-, or br~athing-mode) phonons,
perhaps coupled to CT excicons or spin fluctuations, may also occur in the CU02 planes
of rhe 2- 1-4 materials, but data is incomplete so far [6], although evidence for anoma-
Ious Raman activity of specific plane modes is beginning to appear. The ubiquitous large
linear resisci~~ity temperature regime could also be e-scribed to the presence of two dom-
inant phonons/excitons: electron interactions with a low frequency mode (II.w % k~Tc)
could dri~.e Tc, while scattering from high frequency modes ( h > k~Tc) would dominate
resist ivity.

Some recent tunneling [8] and pho:oemiwion [12] data have suggested strong coupling
BCS-like behavior with 2A(o) /kPTc + 7. This is somewhat high for conventional strong
coupling Eliashberg cheory w;’.n linear phonons and Coulomb efbcts contrdhsxl by p“.
However a synergistic cou~ilng of P <, nonlinear phonons, or phonons and CT excit cm
(as suggested above ) h~~ yec [O be investigated systematically. Again, strong Coulomb
interactions, strong “~upling between phonons and superconductivity, or tistropic _,
\vl11[a~e us beyr ,ld the conventional Eliashberg fr~ework. We will reempkizo th-
issues in 5ecti--m 3.

our pr;mary intention here will be to summarize some of the model Hamiltonians being
emplov”ti to address aspects of the scenario outlined above.

2, \Iodels Hamiltonians and Charge Transfer

Deciding on an appropriate microscopic model hamiltonhn to dewribe the complex struc-
t ures of the new materials is not straightfonvard and not ● settled issw l-band or rnulti-
band; =- or a- or other orbits.is?; ?-dimensional or (ani~tropic) $ditional? Interpreting
~xperimental probe~ lam the quality of the meuurements thtivw ia ~ cm, ad

<ample f{ll~ic}. t:ontinues to be a limiting issue for characterizing intrinsic p~fik, [n-
!~rpre~lnq photoefission so u to extract model paranwters is still c~t mver,i~ rlthough
IIi=tndstr~lcture and VfiOUS degrm of ab in:tio quantum chedstry M@ nm COIIVW@g

.VIch respect to parameter assignments for Hubbard mods. H~, sines w believe
rhlc ~ llbb~d ~&~ ~~ eventually have to be wr~ouly exten&d in tbs Utate’rkb
, via anharmotic electron. phonon coupling [13], Hubbard V,W [14,15], muMpkbm& [15],
t’tc, I, It remams premature to attempt to fix model pumeter VahMm Wa theld~ pd~
ru ~xplore p~~eter space widely in Simple models ~~ ~~ e~ti w @& the
rr!osc lm~xjrcant augmentation of those models, \Vith t~ phdoqhy in min& M ckribo
here ( I) a L-~. Hubbard model; (ii) a local chargetrdec-plmwa cluster -1; (iii) ●
.,-,.e ~. model of BCS superconducclvity; and (iv) ● l-dimensional analog s~t~. Each

mo(iel allows us to address different ~peccs of the pqzzla.
\\’c first Coflsicier a single CU02 plan~. one of the gimpl~?, Hti]tinim that takm

Into acco~lnc both Cu and O sites can be written:
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x tijd~pj + h.cAil + :p ~ P:PJ – ,H=Q , x
i j (’,J)

where ti,j is the hopping matrix element between Cu dz?_Yz and O pz, v orbitals, ~d and

;P are respective local energy levels, ~-d([’P) is the onsite Coulomb repulsion and V is the
mearest-neighbor Coulomb repulsion between Cu and O sites. Since both spin rmd charge
fluctuations can be soft, Harniltonian ( 1 ) differs qualitatively from the Hubbard Hamilto-
nian, where charge fluctuation are suppressed. If we ignore ~d, UP and V the resulting
band stmcture consists of bonding (B) and antibonding ( AB) CU-O bands along with a flat
nonbinding (NB) cxygen band [16,1 7]. .4t stoichiometry in La2Cu04 and YBa2Cu306 the
2D AB band is ~-filled and these materials should be met ala. On the contrary, expel ~men-
tally both exhibit antifemomagnetism [18,19], indicating the importance of correlations.
To understand the ●ffect of correlations in ( 1) we will first use weak coupling theory which
enables explicit evaluation of relevant quantities. We find that the physics in the su-
perconducting regime is dominated by low Ivincc WC tr * excitations. Since oxide
superconductors appear to be more in the intermediate coupling regime, our result ~hould
be interpreted in a qualitative sense. However, quantum chem~stry cslculationa for fln.ite
clusters (below ) also demonstrate the importance of char e transfer excitations. We there-

ffore ●xpect chat overall features of our theory persist in t e intermediate coupling regime,
and this has indeed been supported by a nriety o! calculations in the s~rong coupling
regime using, e.g. slaved-boson analytic techniques [20], ●xact numerical diagonalizations
or quantum Monte Carlo [21].

Consider the case when the .+B band in the CuO~ plane is ~-filled. After projecting
the tiamiltonian ( 1) onto the .4B band we obtain the following effective Hamiltonian:

where a is the CU-O separation, ~~ = i( cd + <p) - ~ + ~[(cd - cp)” + 16C2(sin2~~a

4 V ● V C002 @ sin20, with cos2@ = $ + ~+ sin2kVa)2]}, ~r ~ LJdcoc’ 0 + L-P sln 0,

[1 + ~~]-~, ~ bdag the ●verage of the CU.O hybridization over the Fermi surface.-m.—
Xi and Y~ “ammkamce factors,

In weak ~pling, w can study collective modes of the system by considering the
equation for tb ruponn function ym,d~( {,w ) arising from the sum of ring Mcl ladder
diagrams:

where Xo(ql w) is the Lindhard function in the AB band ●nd we have restricted our attention
to the interbred response, The direct Interaction 1(q~ and exchange interaction J( q~ fOllOW
from (2):
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(4)

(5)

;vhere -:; = Cos A“ta. -:: = slri kta. li-o(k.,(~~ is defined by yO(q-,-’ = O) s ~rKo(~,q~. The

definitions of quantities with subscript u are obvious.
.4t half-filling rhe Fermi surface has perfect nesting and there wil!. be a tendency to open

a gap on the Fermi suxface. .+n inscabilit}: can occur in both the charge and spin density
channels and tne resulting CDIY and SDI1 will have penodicity determined by the nesting
vectors QO = ( fi, z%). one can Show by solving (3) that the relative stability of a CDW

or S.DJV depends on the sign of f[i~~: First note that ~O(&,U = O) a –~tn2(f), where

DS ~t. From t 3) follows tn~( ~~ \ = A~~l~.(co~Vl, where ~SD}v m J(do) >0 Md
5L)w’1 LDLv/

,\CD~k. x J( do ) - 21~do ). T5Dlt-( CO{V) being the transition temperature of spin (chuge)

density \vave. Obviously. for positi~.e {( ~0 ) T5DIV > TC~~V, while for negative 1(Qo ) the

situation is reversed. Since 1( ~(j ) = ~ > 0 the ground state in weak coupling is SDW,
~rrcspectlue of the relatit.e size of C--and [. This SDIV reflects the qualitative features of
the observed anti ferromagnetic state. Thus. the Intraband particle-hole ●xcitations tising
in \ I i account for the anti ferromagnetism of these compounds.

Holve~”er. a~ray from half-filling, ~vhen holes are added to the system either by doping
or by I-ar}”ing ox}.gen conterc, the sitllat ion may change qualitiatlvely, This can be appre
r:a:+d by considering !(,( q--- = O). As r holes are added to the MI band, the maximum

0! ~ , ( //-,+’ = (1) mmw from do to some ~(z), such that 1~(1)~ < Idol and 2~az(~(z))

cm Qzlt a 7 ?~.oY~ O( z ) j cos QY( r )a becomes progrewiveiy mere negative, (Note that

‘kz~(~!rll< I)J, The muimum occurs for G(z) =(*Q,*Q)whereQ%fi-$,for~< t
;ind p’ ~ 2t -u. The relation between z rind ~ is z s ( ff)tn( ~). For ~ huge enough it

IS posslb~e ‘o atttin a situation where:

for some (-lmcm:rat]on of holes x > r,, rC being defined by l(~(zc)) = O. This signaAa
rte preference for CDIV formation, The real, static CDW deformation does not occur,
ho~vever, since away from half. fi!ling r he nesting t’eaturm are diminished. We then have
Iow-(ytnq, finite wavcvector [@(r)), trrnperacure independent, collective chu~ excitations
In ‘he CUOZ plane, ~,vhich IVIII ~tranqly l:)ti~ience the ●ffective ●lectron interactions. For
+ome r-gton of doping O < rC s I ‘~ ( ,. < 1, which Cart be calculated from (3), the



frquency of these sLofi wavelength charge fluctuations ACF( ~(z )) will be lower than the
compounding spin fluctuation frequency +“sF( @(r)), ~d they can be utilized to build an
attractive retarded interaction which can lead to superconductivity, Such a re~on will
OCCIMOfI]yIfor: z !*- <p s t and for ~“ 2 ~~. Explicit results for the frequencies of
collective modes Illustrating this crossover are .gi\”en in [22]. The generic behgvior is shown
in Fig. 1(al, The upturn in A“CF is caused by a decrease of ~ as one empties the AB band.

Xoce that our Intraband charge excitation is distinct from the local charge transfer
exciton proposed in [23], although the underlying theme, relying on the low energy cost for
Cu ~ 0 rharqe rransfer (ww below), is similar. Softening of interhznd charge fluctuations
is driven by L- alone [22.23] but are importantly enhanced by local field effects [23 .

\\’e now discuss superconductivity. JFollowing the Eliashberg formalism outline in [241
u-e define the matrix element of the pairing interaction,

where ~~F(~~) is the electron-charge fluctuation (spin fluctuation) vertex. and ~(~, ~t; ~. )

is given by -~Imi~cF(5F)(~.~:-). ~vhere yCFIsFl(~, ~’;u) is obtained from (3). In (7) 1

and ~’ are constrained to lie on the Fermi surface. We have used the solution of Eq. (3) tc
evaluate ~7) in \’arious orbital states as a function of model parameters. In Fi

Y
l(b) we

show the typical results for the ground state of the CUQ plane M a function o x. We have
set : = 0. SC I is a d-wave superconductivity, produced by low-lying spin fluctuation.
In this region Tc is expected to be low, due to self-energy corrections and dynamic pair-
breaking. For x > ZC, the superconductivity crosses over to the s-wave type (SC II),
\vhere charge fluctuations dominate and Tc may be hi her since the above limitations are
absent for an isotropic superconducting state. High $C’s are still problematical in pure
C-T pairing because of competing trends of coupling constants and pa, however it is very
important to note (see below) that phonons may enhance Tc in SC II phase (they baaically
have no effect in SC I), Since T, calculations are notoriously mreliable one should interpret
our results as representing qualitative trend produced by doping the AB band, Finally, for
large doping, the .+B-YB Interknd charge fluctuations can lead to a CDW phase. a charge
disproportionate statr with a ‘“frozen-in” Cu * O charge transfer and lattice distortion,
In L’e shaded regions there is a competition between different ground sate symmetries and
it is possible that the system is a metal at T = 0. This phase chgrarn is very w estive

%)of a similarity bectvecn high I’c oxides and the “old” Ba-Pb-Bi-O superconductor [,.5,26].
The newly discov~red K- Ba. Bi-O superconductor increwingly clearly belongs to the same
rlass, ( 9) ‘This behavior is also in qualitative a reement with recent data on the 2-1.A

kmaterial which indicate chat Tc saeurates at 40 for z between 0.15 and 0.25 and then
(Irops quickly to zero at z - 0,30 (27]; data on Tc in 1.2-3 materials as ● function of hole
(Iensicy in the pl~e now ●ppears to be similar [?8].

\Vhy is Te much hi her in 1-2-
!

3 and the new Bi and T1 systems thu in 2-1*4? We
‘l! that the ynasnic polarizability of the ●nvironment of CuO~ pl~ is cn,l-(’onjecture , ,

f
(]ai for elcvatin Tc. As an ;lJtutrai:on, we consider YBqCu306,9 specially, Consider
a jingle CU-O c tin along the y-ax]s, [ \l’e emphasize that chum are ~ crucial to our
qmera.1 concept, ) fve can use the same Hamiltoniari (1) where now the relevant atomic
(Irbi!als are Cll dY2-.-Y and O py, ~ In 1D there is perfect nesting ●t any band filling. The
ensuing inscabliity Is driven by deformation of wavevector QV = 2Ls~. Just aa in the plane.

as }Iolcs are added to the .AB band. Q,, tl~cIeases from * ( \. filled) to (J (AB band empty),
and /(QY ) ca~, become negative, leacilnq to strrmg charge fluctuations. The actual CDW
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Figure 1. a) ho -C ~+pendence of *15F and *CF for CU02 plane. The re~on of

-’~~ < 4SF OCcUm Oaly for wfflciently large P/d M ●xplained in text, J~~ refers to
the interband chu cxitmiom which may lead to the CDIV {charge disproport ionac~on )

rdistortion at high oping. b) The qualitative ground state phaae diagram M ● function of
x. Difierent regions are discussed in text. .+ CD\V ph~ is most likely for s = 0
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instability is prevented by hopping, t~, between chains and planes, by quantum fluctu-
ations. and by disorder. The reduced dimensionality, however, is likely to make chains
more pola.r+zablc than planes. In this way we use the high polarizability of a la system
at $vavevector 2L-~ ro further enhance an intrinsic polarizability of the CU-O bond (see
below ), r~ie ~,cfi’ polarizabi]ity of [he chains {vill .ztTect the eleccron-electron interactions
on neighb(jr:nq planes, via an etiective chain-plane Coulomb coupling, W. Th.i~ Wective
interaction for <iectrons on planes is given by nC11-2TrtcAa’ m(qY,~), where nc is the linear
density of ~-hains. Xote that. [his interaction is the same for two electrons on adjacent
CuOZ planes or on a single plane.

In reality the sit~lation in }.BalCuJ06 ~ is more complicated. IrI addition to the linear
CU-O chain, there are bridging oxygens 0(4)), w-hich control the plane-chain coupling,
II”. The presence of these o:<~-qens induces addiciocial transverse polarizatior~ of the chains.
favoring intraplane pairing. This mode is a part of an ~nterhanti response, not included

‘Ja. The upper and lower Cu have the coordinationin (3). Consider the cluster in Figure -
ot’ cihe planes i CuP ~, while the central atom is a unit of the chain (C%). The orbitals of
particular interest are the d=:_Vz orbicals on the CUP, the dvl-=z OrbitalOn cut, ~d the

p: oribrals on the bridging O(4) oxy~ens. Xote ~hat the bridging O pz orbitala have the
wrong s}-mmecry to int=ract direccly ~~-ithd=~_Y~. but cm interact with the ~~-za orbital.
These three atomic orbitals on the chain combine to give B, YB, and AB molecuhrorbitals.
The YB orbital w-ill develop into a narrow O p~ band along the chtin tie involvi

3
0 p,

orbirals. \vhile .he .+B orbital del”elops into the CU dyz - ~a bmd con~dere~ a~e. uxrent

ab ~rzzt~oquantum chemistry calculations (29] on the cluster in Figure 2 su
r

t that the

incerband charge rransfer mode. in lvhich an eleccron moves between the N O pw orbital
and che .4B Cu dY~-:~ band. occurs at low energy, -“t, of the order of a few 0.1 eV, and tht
rhe ground state of che CU:]OIZ cluster model for YBa2Cu306,g involves - “~pty” CU

3+_02-), The state IQdy:-,: orbital and a pair of e!eccrons in the O pr SB orbits! (Cu

~vhich the rleccron is excited from the SB orbital to dYy_:] (CU2+-01-) lies a few 0.1 ev

abo~.e rhe ground 5cate. \Vhich of these two states has lower energy depends on the nature
l~f rhe correlations included in the cordlguration inceractior.. The commort denominator in
all ollr ralculacions. ho~ve~-er, is the presence of low-lying charge tranafer ●xcitations. By
t.ontrasc. in cluscer models of }. Ba2Cu,306 ,j the lowest charge transfer excitations occur at
~ner~~. * several e~”.

If che above clusters are ordered in chains, there will be strong plane-chain Cm.domb
rollplinq. since both che intraband and interband excitations lead to rearrangement of the
l-harqe ~iistr]bution on the bridging oxygens. The strength of the pairing interaction should
scale approximately as ~, where rl is [he CU( 2)-0(4) distance. With both ty~ of char~

‘ransfer esci~ations Included, the retarded attraction will be somewhat stmn~ with the
~’lectrons ~~n che same plane. )/everClleless, the beauty of the YB~Cu30g,g ~dwid
-!ructure :5 !hat the bridging oxygens can couple two distinct planeu, and we dgbt ●ven
~:(pcIct cha: :he system will still take acilantaqe of interplane airing, thereby defeating
::1 large part the direct Coulomb repulsion. !’The most favorab e situation for interpkne
;)alring Lvouid occur in orthorhombic YBa2C’u30~ g with highly ordered -, Wh-e
The Iungltudinal intraband exciton could be dominant. Estimatea of Te -d g~ f~ctioa
-Ihmmetr}- have hen given in [1], IIlcludlng both longltudin~ and trum ●xcitons,
:l-nd intra - M \rel.1 u inter-plane palr:nq. .ilternative scenarioe for the ml. of ofl-plane
po]arizatlons enhancinq or driving In. i .,me superconductivity are outlined in section 3.

\\’e emph~lze rhat many related cl]aincomplexes (s section 3(iv)) have strol~g CDW
Icharge disproporclonat ion) tendencies, ‘,rhich are further strengthened by coupling tu the

I
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The Cu dz~ -VJ orbitals in the plan- are pictured for the readers orientation; they
interact wlch the O pz orbicals.

Therefore, it is indeed plausible to expect that the physics of CU-C) chains In
YBa3Cu3Ga,g, with eiectroa-phonon Interactions and out-of-chain (plane) O polarizations
included, is domia~ by their proximity to a CDfV.

2(ii) Char~tradbophonon coupling:

Here we present ● simple three level cluster model [30] which addresses the possibility that
char

F
trmsfer fluctuations are responsible for the anomalously large intensity of the 135

cm- Ba mode observed by C’~nzel et PI. (7) The model also relates to the accompanylnq
Ramaa sigaature md the c.axis anomaly obserwd by Can ●t d., 31 and suggests ~hat~1
chew features should be related to a change In the Kole density in t e plane.
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.inomalously l~ge oscillator strengths have been reported for the IR phonon mode
obsemed in YBa2Cu307-6 at 155 cm - ~ for j - 0. This mode has been labeled a.Ythe
“Barium” mode and it can be quite accurately described m a rigid motion of the [CUO1]
cluster (chain-two 04) in one direction and BCL*2 ions in the opposite direction, (Fig.
3). The osr!ilacory strength of this mode \\”as found co be -15 times Irwger than the
prediction of a pure latrice dynamics calculation.R7~ This is of course consistent with our
earlier discussion here of the impor[mce of !he c-axis activity.

\Ye assume rhac the charge of a CuC)l cluster In the }-lla2Cu~07 system is --k. There
are several reasons for such a thesis. If the charge of the cluster is equal to -3, then

“~ which implies half filling of thethe charge of the conducting pianes CUOZ should be -..
conduc ‘~g band. and the appearance of the antiferromagnetism. This is in contradiction
with the observation of superconductivity in }-Ba~Cu~07. However, if the charge of the
clusrer is -4, or more realistically the average is between -3 and -4, then the charge of
the planes is less than -?. The 5nite density of holes in the conducting band may then
lead to superconductivity as in doped La2CuO~. In oxygen deficient samples, a part of
the electrons from the oxygens lacking in the Cu03_4 cluster is presumably trrmsferred
to the plane. This transfer will suppress the superconductivity, but will also result in a
structural trzulsformation along the c-axis. M has been indeed observed by Cava et al. [31)
.Additional experimental support for our assignment are the X-ray absorption measure
mencs of Tranquada et al. ~32] They have found that the “’doping” ( =reduction of oxygen
content ) incre~s [he number of CU+L ions per unit ceil from zero to 1 on account of

the reduction in the number of Cu ‘2 ions: They have attributed Cu+ ~ ions to the chains
~Cu 1), lVe also note that >Ionien and Zawadowski ~33] have recently given a complement
discussion of Fano-like Ramm scattering enhancement by electronic degrees of freedom
in a 2-band CT model and coupling co a specific (buckling) oxygen plane mode at = 330

-1cm
.Issuming therefore that the cotal charge of the CUO: cluster is -4, we have only four

formal charge sta:es of the cluster with rhe charge configurations.

04-1 @-2 *4-2 ~4-2

I I
Cul-i - ol-~ c’ul+~- fjl-~ cul+~ - ol-~ Cul+l -01-1

I
I I I

04-2 *4-2 04- i ~4-2

>,>ce that the first md third state ~e as} rrumetric in charge distribution, and hence possess
a (Iipole momentum alo

Y
the c-mcis. The fourth state also han a dipole momentum but

along the chain. For simp ‘city we shall neglect this state in our qualitative model since it
I!oes not Contt+bute directly to [R ac[i~”ity of the 15&mode polarized along the c-direction.

In the }’BCY3C’U306 systcm we have quite a different situation. The oxygens 01 Ue
r~moved from the chainm, and one part of their ●lectrn~ fills the d-shells of CUI ions,
~vhl!e the rem~nder is tr~ferred to [he conducting sheets C’U02. The total charge of OIM

~-luster 1S then reduced to -3. Consequent’, I both the pshells on 04 oxygens and d-shell
(In Cu 1 copper ion in the cluster are completely filled and no low energy charge trmsfer

fluctuation is possible. There exists only one formal charge state of the clu-ter: 04-2.

Cul+. O;*.
The fluctuations between formrd charge states in

described approximately by rhe follolvlnq Hamlltonian,

10

the YBu2CU307 cluster, cim be



Here, th? diagonal matrix elements el, C2 correspond to the energies of the microscopic
states. whiie the off-diagon~ term t is rhe transition amplitude from one state to another.
The Hamiltonian (S) can also be associated w-ich a “single particle” Harniltonian describing
~he motion cf a hole among the Cul and CN-O04 icns. In this sense el and ez are on-site
energies Gf the hole on the C’U1 and 0+ ions. The uirecc hopping becw-een two 04 oxygens
is neglected. >-ote that the microscopic state of the }-Ba2Cu306 cluster is the situation
when the hole is removed from rhe system, \\’e shall i’requencly refer to Hamiltonian ~I )
as an ‘be!eccronicm’put of the total Hamiltonian. since the charge transfer fluccuatirms are
nothing buc electron m~cion w-ithin the cluster. The effects of including electron correlation
effects within the cluster (e.g. Hubbard U and L-t \vill be reported elsewhere. Here u-e only
note that their major eifects are co renormalize rhe parameters in Eq. (9): it is important
to appreciate that che levels used are implicitly fully dressed many-body ones.

The matrix elements of H,l quite generally depend on the lattice deformation of the
unit cell of Y-Ba2C’u307_i. l~e are particularly interested in the coupling of t!ie charge
transfer tiuccuations to the 153-mode. The 155-mode is associated with almost rigid motion
of the vhole C’uO~ cluscer bet~veen [he CUOZ sheets, This motion will primarily than e
the energies c1, e2, 3rather (ban the hopping amplitude t. The counterpart of the 155-mo e
is the Raman active mode corresponding to the symmetric oscillation of the 04 ions within
the cluster. The frequency assigned to this Rar n mode is 515 cm-~. Both modes can
be described approximately- by [he asymmetric ~nd symmetric oscillations, respectively,
of the 04 oxygens in the c-dlreccion, Let AI and A? denote shifts of the 04 oxygen ions
Lom their equilibrium posiclons. Iieeping only term.s linear in Al ~ in a Taylor ●xpansion
of el , e2, we obtain the interaction Hamiltonian between the phonon and charge rransfer
fluctuations.

where .\ is the coupling constant. Other forms of electron- phonon couplings can also be
included (e. g, through c) and lead to similar resultg. Xote also !hat eq, (9) is oversimplified:
there is in fact a \ small) ~ymmecry r,) the coupling constants for IR and Ra.rnan modes.

\\-e assume rhac the “phonon part” of the Harrultonian is given by the familiar expres-
sion

~rhere J[ ~d K we ~~tive m~s and Pl,mtic constant, respectively,
The H&ndtotiuis (9) and ( 10) can be rewritten in cems of coordinates corresponding

ro the aymetric ( IR) and symmetric ( Raman ) modes:

The model defined by the Eq~. (S. lC) ISqucte general, It can alternatively be asgoclated
with the charge tr~sfer ~uctu~tl(lns hettv~en ~hc C~t~2 planes ad Clt~3 cluster, In th~~
case we assign the tollowlng formal rharee states



(Cue? ]-1 [C1102
I

-2 [CU02]-2
I

-, 1 :cuo3\-4

I

descri’mxi again i)j” Hamiltonian ( 1 \. The phonon modes A 1 and A2 now correspond to
the motion of [he ~heets Cr,O.J with respect to the chain unit CU03, which is also part of
displacements in~mlved in the 155-mode. Conradson and Raistnck [10] have emphasized
the importance of this charge transfer channel from an analysis of their E.XAFS/X.\NES
1( ata. Presumably thi> charge transfer fluctuation also contributes to the IR activity of
l;.~-ino(ie. The most important charge transfer has yet to be unambiguously assigned but
ab i:lirio quantum chemistry is in progress [34] and finds a stron

$
enhancement of the

dipole ~lerivative for the rigid c-nxis motion of a C’U04 cluster. his enhancement is a
(combination of the inherent oxygen polarization and charge transfer excitations within the
‘lusrer. Sote chat from a solid state model perspective oxygen polarizability may also be
included via enharmonic elect ron-phonon coupling, in the spirit of shell modela, [13]

Our model is a generalization of a t~vo level system arising in many physics contexts.
In fact a similar [w-o le:el system has already been applied for the anornalcmm lR activity
of the 240-mode in La2C’u04. :K] The ~cenario pre~snted here can apply in a plane cluster
rhrollgh couplinq to an appropriate phonon, and evidence for in-plane (e.g. Jahn-TeUer,
hrea:hing. hucklinq ) phonon modes Aas been reported [6].

T!le interaction Hamiltonian \ 9) ~vill result in a renormalization of both IR u..J ~
phonon frequencies. It can also cause a static deformation of the cluster, which may
he imporrant for llnderstrmdinq of the scructurai transformations obeemwd by Cava et
AI,‘.31j The renormalized freqllency can be found within the usual RPA treatment of the
inr~rac[ ion (91. Fig. 2a. In rhe (ME of the IR mode the renorrnalized frequency is given
by

‘,{”!~,ere-,, IS rh,e bare phonon frequency, V’*’ ~vhile H ,+B lS the electron poltizat ion,

(13)

[n ~!w iil,{)~.~expression G(Q) is the eleccron Green function equal to

T!;P ;II);P , f C(-) with the Iowmt real part is shifted in the up er part of the complex UJ
;I:wle, .{”5,;. R‘e rhe others po]es axe jhifced I[lto the lower part of : e u pkw. The matrix AM

n ~xpr~~>lt)n I 12) is the part of the ln~eraction (O) comesponding to the lR mode, viz.
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.

rn y~~2~U~@ there uc
the freauencv of the IR mode

(16)

no relevant charge rransfer fluctuations, and consequently
~and the freauenc~ of anv other mode) remtins unchamzed..

i.e. do. Th& above ●xpression is t herefor> che” relat ii-e difference between the freq~en-
cies of the 155-m ~de for }- Ba2Cu~07 and YBaQCuOOE systems. It has been found ex-
perimentally that this difference is ~10% (for }-Ba2cu~07 -’[R x 155 cm-i. \vhile for

“ ) [7] The right-hand side of Eq. ( 16) is proportional to a~~azcuaoq ti’[R z 168 cm
conventional definition of the dimensionless elect ron-phonon coupling constant.

AQ
.i =

.\l,Jfw:i~’ -

where }V is the width of the excitation spectmm of the charge transfer fluctuations

in order to find the pcdarizability tve need to dete:mine the operator ~ of the dipole
momentum of the system. This contains several terms with diffe:ent origins,

fi(Qu-po.U).P= ’.- (17)

The first term is the dipole momentum induced by the ~ymmetric motion of 04 ions.
Here Q is the oxygen charge and u is the displacement of the [R mode defined in Eq. ( 11).
The second ~lectronic term depends on the microscopic state of the cluster. The quantity
PO is the dipole momentum of the first ( third) microscopic state; it is of the order t~f the
electron charge multiplied by the distance between C’u 1 and 04 ions. }~1is a matrix detined
ty Eq. ( 15). In the case of the place-chain-plane cluster, Q is the averaged charge of the
CU02 pianes per unit cell, while p. is of the order of the electron charge multiplied by che
iii~tance between CUI and C’U2 ions.

The polarizability a of the system is given by the comelation function of the dipole

momentums. The phonon part of ~ leads to the familiar lattice dynun,ics term,

The electron part of the

This is the mroth cvder

Q2

~ph(”’) = 2 — - A’.bfeff *’l R - w
(13)

poluizability is proportional to the polarization H.t( M.

~?l(~) = ‘2P$ ~,\/,\f(Q) ~ I 19)

term in the ●lectron. phonon interaction. The RP.4 treatm~nt Of
the interaction (9) results in an additional te~ with a pole at the phoron frequency - I~,

1’20)

[n k’~oacuaod this additional term IS absent becau~ the charge ‘ Msfer fluctutteions ar~
suppressed, The combination of the Eqs, ( 18) and (20) gives the pdarizabil,icy with an
dkccive oscillator strength ●qual to

13



(21)

for the 1.53-mode. The di~erence ti~ betw-een rhe osuillacor strengths of this phonon mode
in }- BU2C’i ;O- ,~r~d }-BU2CU306 systems is rherefore given by

.+ccording to the measurements of Genzel PC al, 17; rb.e quantity 122) is equal to 15,
Equations ( 16) and ~22 ) can be used for independent estimates of the couDlinE constant

.\ for \-Ba2Cu~07_~ If ~ve assume that the polarization II !,f,~f(w = O) ii gi~&n by the
inverse
eL- )-’,

of the typical energy of the charge transfer tluctuatl(.:. ~‘~. i.e. of the order of (0.1
then. according to the Eq. [ 16) [he coupling constant is

r

.lQf ev
.\ s 0,1’2

~ T’

while from Eq, [22) it follmvs that

Here, .l/O stands for the oxjgen m=s. In order to improve agreement between these two
estimates ir is necessary to assume that the etfective m=s ~le~~ of the 15$mode is of
r he order of four oxj”gen muses: this Mective mass requirement increues if the energy
of the chmqe transfer fluctuations increases ( i.e. ~~~tl ) 0.1 eV). The estimatc~ values of
,\ are relatively small in comparison COcoupling constants in some other materials, ●.g,
polyacetylene. Interestingly, other estimates of A based on the superconducting transition

temperatures lead 10 similar values. ~36]
ThP srrttic (it=formation of the corimponding symmetric ( Raman) mode is given by the

avpraqed t-a]ue (J( ics interaction ~vlth CT fluctuations,

‘1 o 0
l’~ = ;i( o -2

77( )
o )0. (23)

001

For }-Dai(’1i70~. 1,, exists for any finite ~’alue of che coupling constant J, and is ●qual to

3(e2 -cl)

““=-+(1’-)’ -.

[i(~i~~~.er ‘his deformation is ●qual to zero In }“l?a2Cu30q, The expression 24) corresponds\
‘!lerdure r~) the difference of the C’u 1-(’)4 (Iistances In }:BuqCu~@ and } ~a9Cu306 sys-
~~rns,which ISfo[lnd experimentally to be equal to 0,04 ,4, or ~ 2%, The static deformation
~f ~he Raman mode WIII also cenormallze (he on. slce ●nergws, so that the energiet CI and
● ! are fhlfted by 2,\ ~10/W and for ..\ ~’0/ y~ re~pectlt’ely, For self consistency we must take
IRt O account chcse corrections In ail previous expre~siont. ~\lternatively, fo{ the plM@-
rhaln-plane cluster the static deformation [ V4) IS meas~red to be ml 0.13 A, or ~ 3%.

7,4 static deformation of the iusymmetrlc ~IR) mode is possible on y for wfllciently large
~.oupling constants A, The critical ~nlue f~f .i ,.~n be e~timated from the ●xpression (5) by

l-b



requiring that the renormalized frequency Al
R

is equ~ to zero. Since the change of the
frequency in the IR mode is proportional to t e dimensionless coupling constant, we find

that the necessary condition for this transition is ~ ~ ‘# - 1. Note that such a static
deformation of the IR mode will induce a permanent dipole momentum in the unit cell,
and it is therefore to be zwoclated w-ith an t anti- ~ferroelectric transition.[37] In this region
of parameter space, the dynamics of the IR phonon mode is essentially nordine~. The
corresponding equation of motion of this mode can be found in an adiabatic approximation
vaJid for t2 > .\u Z ,\uJIR.For small phonon displacements, we obtain an equation with
a dominant cubic nonlinearity:

where the coefficient of the nonlinear term is

Clearly. the three level model defined by Eqs. (S-10) can be .sed only for some special
composition of the }- Ba2Cu307-J. Xamely, the number of the holes within the cluster can
be changed only discontinuously, in our case from the one hole to the caaa with no holes.
As we have already discussed. these two cases correspond to the compositions with J = O
and b = 1 respectively. However, in a case with an intermediate compo~iticm O < J <1, the
crystal of Y-~~2C’u3@_6 consists of the clusters with one hole and the clusters without
holes. The most simple approach to such situation is the uirtud cystal approziwwtion.
( Extension to a coherent potential approximation is also straightforward. ) According to
this approximation the overall electron Green function is given by the linear interpolation
of the Green functior,s of [he two limiting known cases,

Herr parameter x is the fraction of the clusters with no holes. According to the measure-
m~nts of Tranquada et al, .~32] this parameter is nothing but the number d the CU+l ions
i)er unit cell. and ]C is equal approxlmacely to 6 for J < 0.6, while for 6 > 0.6 itis * N- 1,
By ~lsing che formula ( 13) for che ●lectron polarization, we find that 11,~~ is proportional
!0 (1 -1).

The composition dependence of the frequency of the IR-mode can be obtained from Eq.
~12). It is qven by a linear interpolation of the frequencies for t = O and 6 = 1,

Jf~(lZ6~O)=I-lR(6 =1)+( l-x)~f R(6 -0) ,

.4 nonlinear behavior in d of the frequency -l
9

is ●xpected only for J clcwa to 06, when

f
nn ~Jrthorhorrtbi c-tetra onal trtmsit ion occurs. he electron contribution to the oscillatory

f
~rrrn Ch of [Ile IR. mo e is qu~ratlc In the ●lectron polarization flMM, ad consequently
IL WI1 show a more dramatic A-behavior. [L decreases linearly for 6 ~ O, and ●ventmily for
A s 1 it disappcms M (b- 1)2 The virtual cry~tal approximation alw predicts the lineax
x“behavior of the static deformation of the Raman mode. Associated with such ● static
t!eformation Chere is ~So a self -con~l$t~nt change in the hole danaity in tha planes/chains.
This is presumably reflected in the rapid rhange in TC at 6 * 0,5.

13



Finally, we note that more detailed microscopic modelin
I.?

of phonon-CT coupling re-
quiru studies of clusters ●xplicitly including, e.g., Hubbard and V and electron-p honon
interactions. Such studies are in progress.

2(iii) Pairing-Bag excitations

Here wc focus on one aspect of ~tronq coupling 1small coherence length) superconductors,
namely rhe possibility of polaron or bag-like deformation of the condensate, which may
have distinct experimental consequences -- e.g. for observations of the tunneling density
of S!ates and assignment of a SC ““gap.”

In the pairing ~heory of superconductivity. the ground-state energy gap A is unifomn
in space for a translationally invariant system .\,3S] fvhen a single quasi partick is added
to the system. the gap is assumed to remain uniform so that the excitation is in a plane.
wave state It. .4s in Kooprnans’s theorem for the Hartree-Fock approximation to extended
sytems, A is unaltered by the presence of the excitation M the volume of the system tends
to infinity.

For nonzero temperature. the gap decreases because of the finite density of quaaipar-
ticles, with A vanishing at the transition temperature Tc, where the qu~ip~ticle density

C3, \vith a the mean ●lectron spacing and f theis of order ({/a)2 per coherence ~“olume .
zero-t emperat ure coherence Iengt h. Since f/a s 103 for conventional superconductors,
the depression of the gap 5y the addition of one quasi parcic’~ in a coherence volume is
extremely small.

However, for the new layered high-temperature superconductors the corresponding {/a
is of order 1-10, Therefore, when a quasipbrticle is excited in a coherence voiume the ap

fis locally substantially reduced e~.en at zero temperature, This reduction forms a bag ike
potential which, if sticiently strong, self-consistently traps the quasiparticle, u in a self-
trapped polaron, Here the pairin

t
field plays the role of the phonon field of the polsuon.

JVe study the structure of suc localization pairing-bag solutions to the Bogoliubov-de
Cennes equations on a two-dimensional square lattice in the context of the “negative-[.”
Hubbard model, [39] As in the case of spin bags.[40] for a half-filled band we find sdf-
consistent solutions for S whi:h have ‘mcigsx” or “star” shapes depending on the symmetry
of the orbital in ~vhich the qussiparticle is initially placed, as well M the initial spatial
form of A. \Vhilc these solutions break translational symmetry, this Cm be restored by
forting linear combinations of such !ocalized configurations suitably phaaed to create a
momentum eigenstate.

lVe consider the negative-~” Hubbard model on a 2D square lattice to mcdel the Cuoz
planes in the oxide superconductors. The Hamiltonian is

[n the mean-6e1d ptiring ●pproximarlon for the superconducting ph~e one haa

with the sc!l.consistency condltlon

16



where V;m is positive for an attractive potential and I@) is a quaaiparticle occupation
number state. H can be diagmwlized by making the Bogoliubov-Vdatin transformation:

(29)

Here -,). are ‘i~e ~luasiparticle creation operators.

H. ‘~,j=15,~-~,,:H. _)j,g]= ‘E’j,j-fi$, E’i# ~ O . (30)

\\-lrhOil[ loss of generality ~ve hate chosen phases so that uni~ is spin independent. The
11and v amplitudes can be determined by our taking matrix elements of the equation of
morion of the bare operators c be:~~een an initial state 10) and the state having one more
quasiparricle in orbital t. .4s llsual. ~re ~~ork tvichin the grand csmonicd ●nsembie. Using
un,~ = - ‘L/~, one ticds

E,[/n, = ~[-t,,,n[l ‘1ml+ JnmUm,, (31)
fn

and rhe ;elf-consisrencj- condition becomes

A nm = I;m E :Un,v;, (l- .V,~) - UrnIV~~lVlf] , (33)

I

;\”here .V,s i~ I he qllasiparricle occupation number. Evaluating the expectation value of JY
in the ~rate ,0), tve find rhe tor.al energy given by

(34)

F,~r an \ x > lattice, \ve ~lote chat there ar~ 2N2 amplitudes Un aad Vn. While this leads
!(J U.\: ~iqen~alues E,. only the positive ~alues of ~i correspond to the energ req~tired to
t.’roi~rea liuasiparricle. whether It be a qumielectron above the Fermi surface, or s quuihoh
belofv: aLl physical excitation energies are necessarily pooitive. The n tive dwv8hM

3,.(~rresplln~ LOrhe ~nergy rele~ed when a qu~iparticle (either ektro k or hdelike) is
(Ies(ro~.ed. Therefore, we are only interested in the positive-ener~ solutkms, aad sum OdY
tjverK, > 0 In f341.

\\.P !;av~ solved the ●quations numerically on periodic ‘V x fV squ~ lattices with N
=4!0!6 Exeremd solutions co the coupled ●quations (31) and (32) - wught by
:!tlratlon In {u.,, v., } until seK-consiscencv (33) wu obtained (391 for ● gumzt qwiparticla
,)l’{.lipiicii~n, with various initial Anm pro’files as “weds,” The ●tgmwmluo distribution ~~
;IrI~l~).mrnetnea of the waoc~ated elqen~ectors ( Unl, Unl } were studied. To illustrate bag
.rntes we show here results for a local .ntqative U“, Vnm = vo~nm, and ~ near. ncighk,
~.orroplc hopping of strength C. ]n Fig, ~(a) we show the ~~t ~ p~ag ou additional
~lllasipart]cle In an orbital near the flat re ion of the squ~ Fcmni aurf~. kdk~tbn

r)i”f.llrs, ‘imlrrorinq the s}’mmet~ of this or ital and producing s cigar shape. If orbitds
[lvnr tf~m~rs ~}[ the square Fermi surface are occ~ipied, the Iocakd OW. -M their
1~’mm~cry - . [he rrosscd cigar or scar shown in Fig. 4(b), The local ddorumions of ~nm
arc ;icct)mpmwd ( we figure captions I hy an eigenkvel being drswn into the un.iforM gap
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Figure 4(a), Onequ~iparticle haa nucleated acigar.shaped ba ona 14x14 lattice with
fperiodic bounduy conditiou and Lb = 2.5t. The top part of t e figure shows A ~~ the

s:te index n m ● linear array (row by row). The lower part shows A on the square lattice
as a gray -waie plot. The bq wu seeded at the sites wiiere itnucleated, The ●nergy level
of the quuiputicle u pulled into the gap, lts value is 0,430t and the band of higher levels
jt~t~ at 0m58M

Figure A(b), Two quuiparticle occupwn
\

the two low-t ●nergy levels have formed two
star-shaped b

Y
on s 15x 15 lattice {or ~ - 2,?5t, The ●ner~ levels are again pulled

into the gap em are almost degenerate, with mluee 0.3(3W and 0,3W, Tho bemd of hiqher
●nergy levels starts at 046M. Note t hat the orientation Of the stars wu ~eded to he

~lightly OH ditgonal in thit case.
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present in the absence of added qu=iparticles: the greater the localization, the deeper
the gap state. The remaining continuum states suffer energy-level shifts which are limited
to nem-~p states M the bag becomes more delocalized. The binding energy & of a
bag ah increases with Vo/t, where the binding energy is defined relative to an added
quasiparticle wirh uniform A. For example. on an 10x 10 lattice and for star bags in the
same initial Fermi-surface orbital. we find ( liI/t. J/t, J5~/t) with values (2.5.0.615,0.088)
and (3,0.0 .S54,0 147). In general the star bags seems to have a few percent greater binding
energy than che corresponding cigar bags.

Inclusion of quantum fluctuations around the bag states described above is in progress.
.1s in the strong-coupling polaron, the true quantum mechanical states must be constructed
out of che present broken-symmetry states by a phased, translationally invariant sum, to
yield a band of bag states. Sote that the hole and order-parameter field must move together
at a large Velocity IS v~). This motion is expected tO deform the bag. determine limiting
t“elocicies, and even prevei]t rhe condensate from following the hole in so~.le c=es. The
influence of a chemical potencia.1 will also be reported else-where -- the large density of
states at half-filling is most favorable for superconductivity. but varying electron density
than es the Fermi-surface structure and therefore bag shapes.

f he physical consequences of such pairing-bag states are under investigation, including
elect romagmecic abw rpt ion, quasi part icle and Josephson tunneling, thermodynamics, fluc-
tuation eifects, qu~iparticle recombination. etc. \Ve have also developed a time-dependent
extension of the present ?heory, lvhich ~~ill allow study of dynamics of bag-formation and
their interactions, localized bag oscillations, and decay channels -- for instance of qu&i-
particle excited states COthe uniform ground state by phonon and microwave emission.

2(iv) Halogen-bridged transition metal linear chain c~stals

These materials ha~’e been of interest to chemists for several decades [41]. However, they
have only recent Iy begun to rec~ive systematic w tent ion and detailed consideration in the
physics community [42]. ~~”hile they are important in their own right, it should be strewd
that ~hey represent a controlled CIMSof materials in which to probe mmy of the iswes
raised by the new oxide superconductors -- in terms of theoretical techniques, c.ollectil~e
ground state mechanisms, doping= and phot~induced defects, and experirmntd charac-
terization. Indeed typical members of the class are direct L-dimenaicmal armloguea [43] of
BaPLl .,6 Bic 00 and lead to our current efforts to dope the l-dimensiond materida near
transitions betwwn (etg, charge- and spin-density-wave) ground states. More specifically,
we emphasize here:

i a ) T!w increasirig appreciation of strong. competing electron-electron ad ●lectron-phonon
Int eracc ions In low-dimensional maceriak and the consequent ned to ●xpand may-
Imdy techniques. The MX materials offer a rapidly expanding, single-crystal ~ of
qu~i- l-l) syatem,a which can be ‘tuned” (by chemistry, pmcwe, doping, etc. ) bet-
t’axious ground state extremes: from strong charge-dispropoti!. .Jation and lar e l~ttice
distortion (e. g., PtCI . 20% distortion ) to weak char e-density -wsve and am

!
h Ibttice

distorcioa (e. g., PtI - 3% distortion ). to magnetic an undiatcwted (e-g., NiBr);
Ib ) The opportunity to probe doping- and light-induced local defect atatea (polarons, bipo

larorts, kinks, ●xcitons) and their interactions in controlled environments and the sama
large ran e of ground states;

7( c ) The ~iml arlcles between models and theoretical issues in these m~teriala wd the
rccenc Iy discovered high-temperature superconductors. The MX materi * are dso
closely connected conceptually with m~xed-stack clIar ●-transfer sdta.

3The \[X clam, then, is importo.]t in Its own right, but so M ● testing

v

und for con-
cepts ml electronic stmcture ~echniques In strongly interacting (~ e ectron-electron
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and elec tmn-phonon ), low-D electron; c materials. .4 joint theoretical effort is underway
to give a unilki u.nderstnndin

3
of these nlaterials frora the di.fkrent points of view of

band-structure calculations (v id in tbc delocalized limit), ab initio quantum chemistry
calc~ations (valid in the high localize ln~t ), and man: -body Harnikonians.

From a band structure point of view. the \ 1.X cks IS essentially a hybridized 2-band
( YI and X majority) system in which the ant] bonding band is half-filled at stochiometry
with se~-erai nonbinding levels between the bacds. In the ionic limit for, e.g., M=Pt,
X=Br one has a filled Pt d:? orbital and a half-filled Br pz orbitaL i.e. 6 electrons per
>tX unit. The structure of a single chain is shown schernarically in Fig. 5. Coupling
between adjacent chains is small and the hgands appear to be of secondary importance
for the electronic structure along the chain. lVhen filled non-bonding levels lying between
the bonding and anti bonding bands are inc!w” J. m weii as the extended Hubbard and
strong (nonlinear) electron- phonon couplin[; terms. \ve gee that we have a 1-D version
of our previous description for CU02 planes (and chains) in the superconducting oxides.
However, here we have ad~antages of tunability of model p~arneters and of single crystal
materials.

For instance, focusing on a single orbital per site and including only nearest nei hbor
interactions, we have investigated ~+!] the following two-band model for an isoiat A Mx
chain:

~3y,3jf], [“1,= [ .lvith -?l = , . ~15”y,L’~~1,rc]ative coordinates + = ti~+l - il(, tramenta pi, @
displacements from uniform lattice spncing G1. This Is, oc course, a discrete tight-bindmg
e.ycended Peier]s-Hubbard model with 2e0 = e.tf-e,y ( 4,M,x being or.i-site afbities), intra
1.~)- and inter (a, breathing )-site elect rcn-phonon amplirtg, ad an effective M-X spring
t K;. !n addition a metal-metal spring ( I{.W,W tends ?.o preserve a miform M-M distance,
representing the “cage” effect of the 3-dimensionA network.

It is noc our intention co review the M-X materials hare. We merely note that the full
spectrum of anal yc ic and numerical techniques used for oxide system is also being em-
ployed j$b]. This investigation haa revealed a rich set of collective ground statea M param-
(“cers are varied: charge-density.wave, band-order- wave, spin-density-wave, spin- peied.s,
PCc, Correspondingly, defects (kinks, polarons, t ipolarone, excitons) have bmm studied
~vith respect to tb variou ground scaces. W’bile expectations of superconductivity may
}>Poptimistic, int~egtjng behavior is indicated near t~z transitions between ~und states,
‘,~”here Huccuations of competing ph~es are sch. For this reaacm thcm u ● ~ystematic
~xperimental p- using chemistry, pressure and dopin to “turd into the= re ‘m-.

\ fr inally, we note that simple dimerized pat terns are not c e only ground states of mail-
tonian t 3S), \Ve have found, for example, chat strong on-site ●lectrort=phoam coupling,
In Ihe presence of Coulomb interactions, drives a hieruchy of Ion =period (superlattice)
ground state states [451. This will also occur in higher-dimeruio J analoga and it is in.
trlgting to speculate chat Harniltonians such as (3S) may conttin rot only the secret of
superconductivity but also intrinsic rmcroscopic mm’~anisrtu for the ‘twinning” ud SU-
perlactice structures which seem to be so chuacteristic of the new oxide superconductors,
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Figure 3. (a) SCherrmtic of the \lX chain showing the model parametem and a CDJV
distortion: (b) the cormpcmding to = CI= O ●nergy levels.

3. Diacuuiom

,+ microscopic chmry 04 HTC in oxide superconductors is still not available. Given the
10 year historim o{ heavy fermion and org~ic mixed ~tack superconductor (we thm
procdinga) this is not so mrpnsing. In this article we hav~ indicsted wved strate-
gic lines of thinking: (i) Transition metal oxides are diatinguhhd genedy by strong
competitions for broken symmetty ground states of many tieties. Su~rconduct~vlty IS

,,.

u “eye-of-the-needle” problem O(operating near tradition bet- other brokn s~mme-
try stat-, where soft fluctuations can be IIsed for pairing, without fining into those alter”



native ground states; (ii) We have argued that, although charge and spin fluctuations
till inevitably coexist in these small coherence length materials, charge fluctuations may
play the dominant role, In Baz KI -= Bi03 this is natural, since a disproportional (charge
density-wave ) reference state is close to superconductivity. In the copper-b~ HTC mate-
rials, the stolchiometric materials is dominated by an antiferromagnetic spin ‘wtability (M
in organic superconductors). 11’ehave argued that the ide of hole doping is to drive prox-
imity to a-lternat ive incipient charge-density-wave instabilities, possibly including a strong
short range antiferromagnet ic spin component: ( iii) very hi h superconducting transition
temperatures are problematical within conventional BCS/%liashberg mechanisms using
phonons. spin Or charge = the pairing boson. \Ve have however argued that a synergis-
tic co upl~ng of phonons with charge (or possibly spin) is natural in these perovskite-like
materials. Fuxthen-nore enharmonic ( large-amplitude) lattice distortions are also natural
here. 11.e have argued that coupling of phonons to C-T channels can drive the soft phonon
distort ions. which can then augment underlying charge/spin pairing mechanisms. This
can happen purely in the plane (in Lal-=Srz Cu04). However, further enhancement is
possible in 1-2-3 and other truly layered materials, using the dynamic polarizmbtlity of the
material surrounding the p!anes. This polarizability can induce pairing in the lane using
the polarization fluctuations. JAlternative/y, the C-T excitations microscopic y compns-

“~(i)) can couple to, and act aa a “pump” for, wit phononsiry the poltizability ( section -
in the phme (1 .2’2] (e.g. the buckling mode [33]) dril lng them into arlharmonic regimes
and leading to the scenario suggested above. Such a scenario relies on a combkmtion of
specific stmccural and chemical features in these materials, and should not be amfused
with simple charge fluctuation pairing.

Thus, ~ve believe chat serious attention should now be devoted to superconductivity
within .~trong coupitng BCS theory, but with coexisting aad coupled C-T (exatcmic) ad
phonon channels, possibly with relatively strong effects of electron-electron (Coulomb)
interactions (e. g.. antiferroxliagnetic spin fluctuzhons). Such theories are not constrained
by the Tc limitations of pure phonon coupling but need some deveiopmenta beyond familiar
Eli~hberg theory -- including vertex correction, for instance.

Some preliminary steps including multiple channels additively in the EliaAberg func-

\
tion ~a~f- )F(~)) have been taken 46]. .4 coupling of chaztnelm should be investigated,
however. In addition. ic seems like y that strongly mhwmonic phonone are necessary.
.+qain. preliminary steps to generalize Eliashberg theory hAve b- th i47], but mud
remains to be done -- it may be necessary to p beyond F’r6blich-level Hamdtti- to in-
clude the influence of the superconductivity on phonoru (indicated by certti experiments
’27]j self-consistently. Inclusion of double-well anharmoniaty is m interesting tit W-,
~specially if WYrecall that descriptions of st~ctur~ ph~ traasiti~ in mkit~ haw
! radicionally used ‘-shell” models, integrating out the ektronie de

c
01 freedom (e.g.

rhe oxygen Pol=lzabfity) to leave effective an,harraonic phoM. T red phonons CM

be used for pairing ●lectrons holes) as in conventional Eliaahbec~ theay and will result
\in a temperat~dependent E iaahberg functiou with pocsibly d.istmctin conmquencet fm

Iwtropic ~hlfta, eflective dues for QJ(o)/k BTc, ●tc.
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